The effect of confinement on the energetics, structure, and absorption of molecular hydrogen is calculated via systematically increasing the H 2 loading in the relatively inert nanoporous siliceous material sodalite ͑SOD͒. Treatments of both the H 2 -H 2 and H 2 -SOD interactions by both periodic density functional theory ͑DFT͒ employing four different functionals ͑LDA, PW91, PBE, and BLYP͒ and by two accurately parameterized force-field ͑FF͒ sets are critically compared. We find for all loadings of H 2 molecules the results differ significantly depending on the method employed. Through a detailed analysis of the H 2 -H 2 and H 2 -SOD interactions in each case we assess the performance of each method employed. We find that none of the tested functionals appear to give a good overall description of our confined H 2 cluster system and the use of well-parameterized FFs is recommended for obtaining a reasonable physical description of such systems.
I. INTRODUCTION
Understanding the behavior of molecular hydrogen at high densities, either through nanoscale confinement or via high pressures applied to the bulk phase, is extremely important from a fundamental physical perspective. It is also increasingly important recently, due to the application potential of efficient storage of hydrogen as a clean portable energy resource. For the purposes of studying both bulk and clusters of H 2 molecules numerous H 2 -H 2 interaction potentials have been developed through the consideration of experimental data, [1] [2] [3] [4] [5] and via high level ab initio calculations of H 2 dimers. [6] [7] [8] [9] Such potentials have been extensively used and range in complexity from simple two parameter LennardJones forms to more accurate multiparameter potential forms ͑e.g., Buck et al., Silvera-Goldman͒. 1, 4, 10 Many such potentials describe the weak intermolecular hydrogen interaction in a spherically symmetric manner, which is found to be an excellent approximation when the results of their usage are compared with experimental data. The accuracy of such centrosymmetric H 2 -H 2 potentials is also evidenced by their use in the setup of high level quantum mechanical calculations of H 2 cluster systems, 11, 12 the calculation of the properties of bulk dense H 2 phases, 2, 3 and also for larger scale classical molecular dynamics calculations. [13] [14] [15] More recently the use of density functional theory ͑DFT͒ has been widespread for estimating the properties of H 2 in confined systems. [15] [16] [17] [18] [19] [20] [21] In such studies the binuclear aspect of the H 2 molecule is explicit and the H 2 -H 2 interaction is provided in an ab initio electronic manner albeit indirectly via the choice of functional. In particular, the DFT method has been often applied to systems of interacting H 2 molecules within the confines of inorganic and organic fullerene cages, 16, 17 and of carbon nanotubes, 15, [18] [19] [20] between graphene sheets, 21 and also to solid phase bulk H 2 . 22, 23 In this study we investigate the effects of increasing the hydrogen loading of the confining nanopores of the framework silica material sodalite ͑SOD͒ both with classical calculations employing two different specifically parameterized force-field ͑FF͒ sets, and further by first principles calculations employing periodic DFT with four different functionals. The agreement between FF and DFT results is generally found to be poor with the choice of functional having a strong influence on the results. We ascribe this discrepancy between classical and quantum approaches mainly on the apparent inability of the functionals employed to accurately describe both the H 2 -framework and the H 2 -H 2 interactions simultaneously.
II. COMPUTATIONAL METHODOLOGY

A. General considerations
In both the classical FF and the quantum DFT calculations a deliberate effort was made to treat the systems in a similar manner as possible in order to facilitate a comparison of the results. In particular, in both sets of calculations ͑i͒ the same cell parameters were employed for the SOD framework, ͑ii͒ all optimizations were performed at constant cell volume, ͑iii͒ all H 2 loading is within one isolated SOD cage, and ͑iv͒ the same pattern of H 2 molecular loading was employed. For SOD cubic symmetry implies that all cell vectors are of equal length, and that all angles between them are 90°. Following van den Berg, 14 in all calculations the lattice constant was taken to be that obtained from a constant pressure energy minimization of the empty sodalite framework using the BFGS algorithm and the FF developed by Sanders et al. 24, 25 This FF utilizes a Buckingham potential form for Si-O and O-O interactions, a harmonic O-Si-O three body term, and a spring constant to define a negative shell around a positive oxygen core, and has been proven to accurately reproduce various zeolite structures, [26] [27] [28] [29] their relative energies, 26 and zeolite vibrational properties in energy minimization calculations. 30 The resulting cell parameter of 8.77 Å can also be considered well optimized with respect to periodic DFT optimizations of the SOD framework. 31 For the subsequent FF and DFT H 2 -loaded SOD calculations the cell parameters were fixed but the positions of all atoms were allowed to vary. In Table I we report the extremely small difference in total system energy and unit cell volume if we also allow for the SOD unit cell to respond to the loading of confined H 2 molecules during the FF calculations. In order to avoid the complication of interactions of H 2 with other molecules in neighboring cages we only consider loading of H 2 within a relatively isolated SOD cage ͑rather than the homogeneous loading of all periodic cages͒. The assumption that the loading of an isolated cage has little influence on the energy and the volume per cage as a function of loading as compared to the homogeneous case is verified in van den Berg. 32 The pattern of H 2 loading in both FF and DFT calculations follows that in van den Berg, 32 which was obtained through extensive FF based searches for low energy loading arrangements. For the DFT calculations the centers of mass of the H 2 molecules were placed at the FF derived positions and then their positions were fully optimized. It was found in DFT calculations that the FF derived H 2 arrangements were stable minima and that the H 2 molecules would simply rotate to achieve their most favorable pattern of interaction. Starting from the same H 2 arrangement but with different internal H 2 orientations was nearly always found to yield the same resulting pattern of H 2 -H 2 interactions. When found to differ, the lowest energy arrangement was taken although the energy difference between differently oriented arrangements was always found to be almost negligible and is not likely to be a significant factor in explaining the differences between the FF and DFT results obtained.
B. Force-field methodology
The FFs representing the interactions between the hydrogen molecule and the atoms of the SOD framework are based on experimental data and are of a Lennard-Jones ͑LJ͒ form: 33
͑1͒
Here, E LJ represents the nonbonding Lennard-Jones energy ͓eV͔, represents the minimum energy of the potential curve ͓eV͔, represents the atom-atom distance at zero energy ͓Å͔, and r represents the atom-atom distance ͓Å͔. The and values are ͓0.002254531 eV, 1.8175 Å͔ and ͓0.005270509 eV, 2.8330 Å͔ for the Si-H 2 and the O-H 2 interactions, respectively. 33 The cutoff employed for all nonbonding interactions is 13 Å. For further validation of this potential with respect to H 2 loading and diffusion within nanoporous silica frameworks we refer to van den Berg. 14, 32 For the H 2 -H 2 interaction FF we have employed two different potentials together with the Si-H 2 and O-H 2 FFs described above. The first H 2 -H 2 FF is simply represented by the LJ potential form ͓Ref. 1͔ given in Eq. ͑1͒ ͑employing and parameters: 0.003165375 eV and 2.958 Å͒ and has been successfully used in path integral Monte Carlo calculations of solid and liquid bulk parahydrogen. 2, 3 The second potential form employed for the H 2 -H 2 interaction is that developed by Buck 4,5 through consideration of experimental D 2 +H 2 scattering experiments and ab initio calculations:
Here, E Buck represents the nonbonding energy ͓eV͔ between H 2 molecules, A, G, ␤, ␥, C 6 , C 8 , and C 10 are the empirical potential parameters ͑101.4 eV, 5.102 Å, 2.779 Å −1 , 0.08 Å −2 , 7.254 eV Å 6 , 36.008 eV Å 8 , and 225.56 eV Å 10 ͒ and r represents the atom-atom distance ͓Å͔. This potential takes a considerably more complicated form than the LJ FF ͓Eq. ͑1͔͒ and has been employed in accurate quantum Monte Carlo calculations of small, ͑H 2 ͒ N N Ͻ 10, hydrogen clusters. 11, 12 Both complete sets of potentials were implemented in the computer code GULP ͑General Utility Lattice Program͒, 34 which was used to calculate the optimized system energy and unit cell volume of a SOD system loaded with N hydrogen molecules ͑N =0-10͒. The SOD structure was represented by two cages ͑overall composition: Si 12 O 24 ͒ per cell with periodic boundary conditions, and with hydrogen only loaded within one cage.
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C. DFT methodology
For the DFT calculations we employed the pseudopotentials-plane-wave ͑PP-PW͒ method for solving the Kohn-Sham equations as implemented in the CPMD code 36 using the ͑PW91͒ functional due to Perdew and Wang, 37 the Perdew, Burke and Ernzerhof ͑PBE͒ functional, 38 the local density approximation ͑LDA͒ functional, 39 and the BLYP functional ͑the exchange correction of Becke and the correlation function of Lee, Yang, and Parr͒. 40 The PP-PW formalism employs the use of pseudopotentials in order to smooth the wave function for the efficient representation with plane waves. In our calculations we used ultrasoft pseudopotentials ͑USPP͒, which achieve their efficiency by significantly smoothing the wave function in the core region and relaxing the norm conserving constraint of harder PPs. The employed Vanderbilt USPPs were generated using version 7.3.4 of the USPP generation code. 41, 42 Since in this study we are employing a moderately large supercell with localized H 2 absorption, together with the fact that SOD is a wide band gap insulator having a rather flatband structure, calculations were performed at the gamma point only. The energy cutoff for the calculations was set to 60 Rb ͑816 eV͒ at which it was found that energy of the unit cell with 13 H 2 molecules inside was fully converged. The SOD structure was again represented by a cubic unit cell, containing two sodalite cages, with periodic boundary conditions. All calculations were performed in only one of the cages in order to stay as consistent with the FF calculations as possible.
III. RESULTS AND DISCUSSION
For both the FF and DFT calculations the absorption energy ͑E abs ͒ of H 2 molecules within a SOD cage was calculated using
E LC is the energy of the loaded system as obtained from the respective calculation, E EC is the energy of the empty SOD system, N H 2 is the number of hydrogen molecules in the cage, and E H 2 is the energy of an isolated H 2 molecule. The nonbonding interaction energy between a single hydrogen molecule and the SOD framework is found to be of a very similar order of magnitude for both FF based calculations and the PW91 based DFT calculations, giving −65 ϫ 10 −3 eV ͑PW91͒ and −57ϫ 10 −3 eV ͑FFs͒, respectively. For the other three functionals employed the agreement with the FF calculations is somewhat worse with interaction energies of −124ϫ 10 −3 eV ͑LDA͒, −25ϫ 10 −3 eV ͑PBE͒, +41ϫ 10 −3 eV ͑BLYP͒. For higher H 2 loading E abs , as calculated via Eq. ͑3͒, involves increasing contributions to the system energy from H 2 -H 2 interactions and as such E abs then gives an average total interaction energy per H 2 molecule.
The dependence of the system energy on H 2 cage loading is given in Fig. 1 as calculated with the two FFs. Here in each case the H 2 -SOD interaction is dealt with using the same interaction potential and thus differences in the two graphs are solely due to the different representations of the internal H 2 -H 2 interaction. For both FFs the quantitative and qualitative similarities are striking showing that, despite the differences in apparent sophistication of their respective potential forms, both FF models give a consistent prediction of the energetics of H 2 loading in SOD.
The total system energy change as a function of hydrogen loading as calculated via the periodic DFT method for the four different functionals is given in Fig. 2 . For comparison, the system energies calculated using the Buck et al. FF are given again. 4, 5 Figure 2 shows that the agreement between the H 2 loading curves for all methods becomes increasingly worse for loadings from two to six H 2 molecules. For loadings above eight H 2 molecules, the FF calculations indicate that H 2 -H 2 repulsion becomes so large that energetically fa- vorable storage is not possible any more ͑the uptake of more hydrogen molecules would be an endothermic process͒. The DFT calculations, however, display a range of behaviors depending on the type of functional employed. For the LDA calculations, starting from the empty SOD cage, the H 2 loading curve immediately drops below that of the FFs, showing an energetically more favored description of H 2 absorption. The system energy per H 2 molecule continues to fall until a loading of six H 2 molecules where upon the system energy levels off until at least 13 H 2 molecules are energetically favorably confined with the SOD cage. For loadings larger than 13 hydrogen molecules it was not possible to find a cluster configuration that was stable within the SOD cage ͑during the optimizations for N Ͼ 13, H 2 molecules are found to spontaneously force themselves through Si 6 O 6 six-ring apertures into a neighboring cage͒. For PW91 and PBE the behavior is strikingly different with only a small range of weakly negative system energies observed for up to two H 2 molecules. Thereafter, for loadings of three and more H 2 molecules, the system energies are increasingly positive showing unfavorable energetics for H 2 confinement in the SOD cage. For the BLYP functional the energy vs loading behavior is found to be always positive and increasingly so with increasing H 2 loading.
In both the FF and DFT energy minimization calculations described above there is no account made of zero point motion which can be significant for condensed hydrogen phases. However, as this factor is absent in both sets of calculations it cannot be the cause of the large observed difference between the two approaches. Moreover, considering that the discrepancy between the two methods becomes increasingly prominent with increasing confinement ͑or at higher pressures͒ and that the structure and energy of the H 2 phase at such conditions is then predominantly determined by the interactions between hydrogen molecules with each other and/or the SOD cage wall atoms, the observed differences can be ascribed to the differing representations of these interactions.
In order to assess the influence of the H 2 -H 2 interaction on the total system energy, the optimized SOD-confined hydrogen clusters ͑see Fig. 3͒ from both the FF and DFT calculations were isolated and their energies were separately calculated via single point calculations using the respective methodology. Subtracting N times the energy of an isolated H 2 molecule from the ͑H 2 ͒ N cluster energy gives the energy term resulting from the H 2 -H 2 interaction ͑H 2 -H 2 energy͒ in the cluster ͑see Fig. 4͒ . The interaction energy between the ͑H 2 ͒ N cluster as a whole and the SOD cage ͑cluster-SOD energy͒ can be also be estimated by subtracting the total free cluster energy and the energy of the empty system from the total system energy ͑see Fig. 5͒ . In this way the H 2 -H 2 energy and the cluster-SOD energy are simply a partitioning of the total system energy into two physically important contributions.
For a ͑H 2 ͒ N loading of approximately N Ͻ 5 the cluster-SOD energies ͑Fig. 5͒ for both the FF and DFT calculated systems are very similar to the total system energies ͑Fig. 2͒ and the H 2 -H 2 energies ͑Fig. 4͒ are correspondingly relatively small. Here the differences in the H 2 interactions with the framework are thus mainly responsible for the discrepancies in total system energy between the two methods. For N Ͼ 5 the differences between the cluster-SOD energies and total system energies becomes significant for both FF and DFT calculations indicating that the different representation of the H 2 -H 2 interaction in each case is responsible. For the FF calculations and the DFT calculations employing the BLYP, PBE, and PW91 functionals, the cluster-SOD energy is lower than the total system energy ͑indicating a repulsive H 2 -H 2 interaction͒ whereas for the LDA DFT calculations the cluster-SOD energies become relatively higher ͑indicat-ing an attractive H 2 -H 2 interaction͒. This pattern of behavior is also easily seen in Fig. 4 , where the H 2 -H 2 interaction energies show the FF and the PW91, PBE, BLYP functionals always with positive values and the LDA results always with negative values. It is further interesting to note that the H 2 -H 2 energies given by the FFs match very well with the DFT results obtained with the PW91 and PBE functionals indicating a consistent representation of the H 2 -H 2 interaction. Noting the absolute values of the cluster-SOD energies also tells us that in the case of the PW91 and PBE functionals it is only the very weak interaction of H 2 with the framework for low loadings that gives the corresponding negative total system energy ͑the H 2 -H 2 interaction being almost purely repulsive͒. For the LDA and FF results, however, the cluster-SOD energies for all loadings are very close together and always negative indicating a consistent attractive interaction between the H 2 cluster and the confining framework. Considering the similarities and differences between the various DFT results it is instructive to examine the known limitations and strengths of the DFT approach for other systems relevant to that studied herein.
The application of DFT to systems exhibiting weak interactions remains an issue of concern without a systematic general solution. The PW91, PBE, and BLYP functionals all employ the generalized gradient approximation ͑GGA͒. Such have been shown to be able to capture at least some of the attractive character of nonbonding interactions in studies of weakly interacting dimer species, 43, 44 and rare gases interacting with metal surfaces, 45 but have also been criticized for giving purely repulsive interactions in many other weakly bonded systems. 46 LDA functionals, although generally known to exhibit overbinding in many chemical systems, have often been shown to outperform GGA functionals for describing weakly interacting systems ͑e.g., H 2 -carbon systems 47, 48 and rare gas/metal surface studies 49, 50 ͒. In fact although both LDA and GGA functionals can give a surprisingly reasonable account of weak attractive interactions, this capacity is only provided through favorable error correction with the attraction coming from the exchange energy contribution to the respective functional. 51 In the BLYP functional, perhaps due to a better description of the exchange energy, 51 even this effect is diminished thus often giving purely repulsive interactions as observed herein. 49 Our calculations appear to verify the known erroneous repulsive description of weakly bonded systems for GGA based functionals with respect to the H 2 -SOD interaction for which the empirically derived FF and LDA both predict a similarly attractive interaction strength ͑see Fig. 5͒ . Although the true nature of the weak interaction of confined H 2 clusters with the siliceous framework is difficult to accurately assess ͑other than perhaps by currently prohibitively expensive, highly correlated calculations͒ it is strongly persuasive that both an experimentally parameterized interaction potential ͑Ref. 33͒ and a functional ͑LDA͒ recognized to very often provide good representation of weak interactions ͑Refs. 47-50͒ agree so well.
For the H 2 -H 2 interaction energies the rigorously parameterized H 2 -H 2 FFs ͑Refs. 1 and 4͒ are very well matched by the results of the PBE and PW91 functionals ͑see Fig. 4͒ whereas the LDA results are in very poor agreement, respectively. The quality of the representation of the H 2 -H 2 interaction for each method can also be assessed by comparison to the known properties of dense bulk hydrogen. In this extreme of high densities and pressures, where repulsive Pauli interactions generally dominate, both LDA and GGA functionals have been successfully employed to calculate the properties of solid parahydrogen. 22, 23 The nearest neighbor distances for all optimized confined H 2 clusters are calculated and shown in Fig. 6 . Additionally the distances in crystalline solid H 2 at different pressures are indicated, 52, 53 showing that the higher loading corresponds to extremely high pressures. Perhaps surprisingly all calculation methods give a rather consistent description of the variation in average nearest neighbor H 2 -H 2 distances with increasing H 2 loading. Although for nearly all methods a similarly repulsive H 2 -H 2 interaction dominates in this regime, for the LDA calculations the H 2 -H 2 interaction is still attractive. The prediction of attractive H 2 -H 2 interactions at such extreme conditions appears to be a result of the unphysical overbinding that LDA is known to exhibit. Considering the probable erroneous prediction of the attractive confined H 2 -H 2 interaction by LDA and the excellent correspondence between the sophisticated Buck et al. FF and the GGA functionals, it is convincing that the latter two methods give an accurate account of the H 2 -H 2 interaction within confined ͑H 2 ͒ N clusters.
Our analysis thus indicates that, although different functionals can adequately describe various interactions in confined H 2 systems, it is likely that none of those tested can accurately describe all of the important interactions in such systems. In the absence of more generally appropriate functionals for confined H 2 systems we thus advocate the use of accurately parameterized interatomic potentials as employed herein and further justified in other studies. [2] [3] [4] [5] 14 Considering the large number of reported DFT studies on the storage of H 2 within various confining nanostructures and materials using one of the functionals tested herein, [15] [16] [17] [18] [19] [20] [21] it is important that subsequent predictions of H 2 storage capacity and energetics based upon such calculations are viewed critically. To show how the different methods can lead to disparate estimates of H 2 storage capacity we show in Table II As all calculations are effectively performed at zero Kelvin and no zero point energy correction is applied these results should not be thought to give a realistic estimate for the maximum practically achievable H 2 storage capacity in SOD. Instead the number of H 2 molecules for which the total system energy is equal to that of the empty SOD framework is taken as a thermodynamic upper limit for storage. 32 Using this basis for comparison, the FF methods give an upper limit of nine hydrogen molecules ͑4.3 wt % ͒, the functionals PW91 and PBE give a limit of two H 2 molecules ͑1.1 wt % ͒, LDA gives a lower limit of 13 H 2 's ͑6.8 wt % ͒, and the BLYP functional gives zero storage.
IV. CONCLUSIONS
By a detailed comparative study we show that commonly used density functionals ͑LDA, PW91, PBE, BLYP͒ are not generally applicable to H 2 in confined systems. By partitioning the energy of our system into contributions due to H 2 -H 2 interactions and H 2 -framework interactions the performance of each functional and two accurately parameterized interatomic potentials could be assessed showing explicitly the deficiencies and advantages of each method. In the absence of more generally appropriate functionals for confined H 2 systems we advocate the use of accurately parameterized interatomic potentials for such studies. In light of our results we advise that predictions of technologically relevant data ͑e.g., H 2 storage capacities͒ based on the use of DFT calculations using one of the functionals tested herein be critically assessed. 
